The Two distinct activities were reported by several investigators:
Purified preparations of RNA oncogenic viruses possess a reverse transcriptase [RNA-directed DNA polymerase, (deoxynucleosidetriphosphate:DNA deoxynucleotidyltransferase EC 2.7.7.7)] which is activated by nonionic detergents (1, 2) .
Two distinct activities were reported by several investigators:
an RNA-dependent synthesis of single-stranded DNA instructed by the 70S viral RNA genome and a double-stranded DNA which is in turn formed on the single-stranded DNA serving as template precursor (3, 4) . These two activities could be delineated by actinomycin D (5) and were observed either with crude enzyme preparations, i.e., detergent disrupted virions, or purified enzyme and 70S viral RNA acting as the template. Exogenous single-stranded or doublestranded nucleic acids appear to be very poor templates for this enzyme, and the suggestion of a requirement for primers (or initiators) consisting of partial duplexes containing 3' hydroxyl sites was made by several authors (6) (7) (8) . In fact, the covalent nature of the linkage existing between a primer RNA and the product DNA could be demonstrated (9) .
Thus, the double-stranded DNA which is formed on the single-stranded product would appear to require, in turn, a primer molecule. This requirement has led to a search for such a functional primer structure which might be formed through the action of an RNA DNA hybrid specific enzyme, or so-called hybridase (RNA * DNA-hybrid ribonucleotidohydrolase, EC 3.1.4.34), introducing additional 3' hydroxyl groups into parts of the viral 70S RNA template, hybridized to the synthesized DNA (10) (11) (12) .
We have studied the endogenous reverse-transcriptase activity of the murine sarcoma-leUkemia viruses (Moloney isolate) which are produced continuously by the transformed ratcell line 78 A-1. Conditions for maximal incorporation of deoxynucleoside triphosphates into acid-precipitable deoxypolymers were determined. The DNA product was characterized and its capacity to hybridize with the 70S viral RNA was measured. The results reported below led us to conclude that the enzymatic product represents complementary nucleotide sequences of the viral genome proper, and that this product, therefore, constitutes a valid probe for the detection of virus-specific nucleic-acid sequences by molecular hybridization.
MATERIALS AND METHODS
Cells and Virus Source. The 78 A-1 cell cultures were propagated as monolayers in 1-liter Roux Bottles in Eagle's minimum essential medium (MEM) supplemented with 8% calf-serum, supernatant culture fluids were collected 40-48 hr after subculture and were clarified by centrifugation at 6000 X g for 15 min.
Virus ncentration and Purificatin. To 1 liter of clarified supernatant culture fluid, 12.5 ml of 1 M Tris * HCl (pH 8.5) buffer were combined and 357 g of solid crystal ammonium sulfate were then added slowly to the combined volume which was stirred for i hr in the cold room (40). The precipitate was collected by centrifugation at 8500 rpm for 30 mi. and resuspended, after complete decantation; to 1/20th of original volume with 10-2 M Tris HCl (pH 7.4), 10-' M ethylenediaminetetraacetate (EDTA) buffer. The suspension was then layered over two cushions of sucrose made in NTE buffer [10-1 M NaCl, 10-2 M Tris * HC1 (pH 7.4), 10 -M EDTA] in the Spinco SW25 rotor (10 ml of 20% sucrose over 4 ml of 60%/ sucrose); after centrifuging for 50 min at 25,000 rpm, the viral band at the interface of the 60-20% sucrose was co]-lected and centrifuged in a preformed 20-60% sucrose gradient in NTE buffer at 95,000 X g in the SW25 rotor for 16 hr. The material banding at 1.16 g/cm3 was then diluted with NTE buffer and recentrifuged for 100 min at 103,000 X g. The supplemented with 8% dialysed calf serum containing 20 ,Ci/ ml Of 32p carrier-free orthophosphate; labeling in this medium was for 40 hr. Supernatant fluids were subsequently clarified by centrifugation at 6000 X g. Viral pellets were obtained by centrifugation at 56,000 X g for 100 min in a type 30 rotor (Spinco centrifuge), resuspended in NTE buffer, and layered over a 20-60% sucrose gradient which was centrifuged at 95,000 X g for 16 hr. The viral band sedimenting at the density of 1.16 g/cm3 was directly extracted for its RNA content and the 708 RNA was isolated as described previously (14) . The specific radioactivity of the 70S RNA prepared under these conditions varied from 4.5 X 106 to 7.5 X 106 cpm per jug of RNA.
Reagents and Chemicals. All reagents were of the highest purity available and solutions were made in sterile bidistilled water. The tritiated deoxynucleoside triphosphates were obtained from the Radiochemical Center, Amersham, England (specific activity varied from 8 Ci to 15 Ci/mM). The unlabeled deoxyribonucleoside triphosphates were purchased from P. L. Laboratories. Dithiothreitol sodium phosphate, saturated sodium pyrophosphate and 50% trichloroacetic acid (1:1:2). Precipitates were collected on Millipore filters (HA, 0.45 um) and washed four times with 10 ml of 5% trichloroacetic acid. The radioactivity was counted after drying the filters, using PPO-POPOP solution in a Packard liquid scintillation counter.
Preparation of the DNA Product. The enzymatic products of 1-ml reactions incubated for different periods of time were extracted according to the technique described previously (14) , dialyzed twice for 1 hr against 3 mM EDTA, treated with pancreatic RNase for 1 hr at 370 (50-100,gg/ml), reextracted for 1 hr with SDS-phenol and dialyzed against two batches of NTE buffer for several hours.
Analysis of the DNA Product. The DNA product was fractionated into single-stranded and double-stranded forms according to the techniques of Fanshier et al. (16) using batch elution from hydroxyapatite.
The DNA product was submitted routinely to the action of the single-strand-specific (S-1) nuclease of A. orizae. Occasionally, fractions eluted from hydroxyapatite were also exposed to the S-1 nuclease after dialysis against NTE buffer in order to eliminate excess sodium phosphate. Sucrose gradient (20-5%) centrifugations of the single-stranded DNA were performed in order to determine the average sedimentation coefficient of the enzymatic product. (A) The product of a 16-hr reaction which was prepared as described in Methods; aliquots were tested separately by hydroxyapatite fractionation and with A. orizae nuclease (S-1 nuclease).
(B) The fraction of the product which eluted from hydroxyapatite at 0.15 M in (A) and was dialyzed against NTE buffer (aliquots of this dialyzed fraction were retested separately with hydroxyapatite and S-1 nuclease).
(C) The fraction of the product which eluted from hydroxyapatite at 0.4 M in (A) and processed as in (B). 0.15 M sodium phosphate. This DNA was treated with 0.6 M NaOH at 370 overnight in order to inactivate residual RNase as indicated by Garapin et al. (17) . The formation of RNA DNA hybrids was essentially measured by treating the mixture at the end of the reaction period with 50 ,sg/ml of RNase in 0.3 M NaCl for 30 min at 370 and then precipitating the nucleic acid with trichloroacetic acid. In some experiments, formation of hybrid molecules was also measured by treating aliquot fractions (20 ul) of the reaction mixtures with S-1 nuclease for 30 min at 450 in 2 ml of the S-1 enzyme reagent (15) . Data are expressed comparatively to 0 and 100% standards obtained by control aliquots of [82P]RNA which were carried through the hybridization process in the absence of sH product DNA and which were either treated or untreated with RNase (or S-1 nuclease).
RESULTS
Sedimentation Coefficient of the DNA Product. When analyzed on sucrose gradient the single stranded 3H product DNA, extracted and prepared as described in Materials and Methods, had a sedimentation coefficient of 3-12S with the bulk sedimenting at a region of about 7-8S (Fig. 1) (16) . Surprisingly, the bulk of the product eluted at a molarity of 0.15 phosphate (Fig. 2) . This did not correspond to the molarity (0.4) at which eluted native cellular DNA extracted from 78 A-1 cells, but corresponded to an aliquot fraction of this DNA which was denatured and sheared by heat and alkali treatment. These results were constant and obtained with products synthesized under different and various conditions. The time course of the reaction, the concentration of the deoxyribonucleoside triphosphates or of nonionic detergents, and the ionic strength were studied with regard of their effects on the secondary structure of the product DNA. None of these factors had any influence on the yield of double-stranded DNA which always remained negligible.
These results were corroborated by enzymatic analysis. Sensitivity of the DNA product towards the single-strandedspecific nuclease (S-1) revealed that a very high fraction (>95%) consisted of single-stranded forms. Moreover, as seen in Table 1 , a relatively high percentage of the DNA which eluted from hydroxyapatite as "double stranded" became sensitive to the action of S-1 after dialysis against buffered 0.1 M NaCl. This fraction may correspond to nondenaturable structures, eluting at 0.4 M phosphate.
Extent of Transcription of the 70S RNA Genome. Previous experiments with Rous sarcoma virus (RSV) (18) and with murine leukemia (MSV-M-MLV) and murine sarcoma viruses (19) indicated that the activated virions transcribe 65-85% of the viral 70S RNA genome into DNA. These results were obtained by annealing vast excesses of product DNA to 70S RNA. In contrast, studies of the reassociation kinetics of the double-stranded product of RSV brought evidence for predominant transcription of very limited portions of the 70S RNA template (20, 21) . Recently, Garapin et al. (17) fractionated the product obtained from detergent activated RSV and showed that neither the single-stranded nor double-stranded product of a standard reaction could hybridize with all the viral RNA even at the highest DNA: RNA ratio tested (900:1). They observed that single-stranded DNA synthesized in the presence of Mn2+ instead of Mg2+ represented a much larger fraction of viral genome, since a 100-fold excess of DNA could hybridize with 85% of the 70S RNA. However, transcription performed in the presence of actinomycin D yielded essentially a single-stranded product which could hybridize with the entire viral 70S at a relatively low DNA: RNA ratio (about 5-10: 1).
We performed experiments similar to those of Garapin et al. by using the whole DNA product of MSV (M) MLV as well as the purified fraction eluting as single strands from hydroxyapatite. '2P-Labeled 70S viral RNA was hybridized with different amounts of DNA and treated at the end of the incubation period with RNase to determine the extent of RNA -DNA hybridization. A very small excess of DNA was required to obtain complete hybridization. As seen in Fig. 3 , a very low DNA: RNA ratio (about 2-3:1) was sufficient to render the 70S RNA totally resistant to the action of RNase in high salt. These results were obtained with product DNAs synthesized either in the presence or in the absence of actinomycin D. DNA synthesized in the presence of Mn2+ gave results quite similar to those obtained with standard DNA synthesized in the presence of Mg2+. The single-stranded fraction eluted from hydroxyapatite did not react better with 70S RNA than total, unfractionated DNA. The formation of hybrid polymers was also measured by treating aliquot fractions of the hybridization mixtures with S-1 nuclease. The results were identical to those obtained with the use of RNase in high salt.
To ascertain the extent of transcription of 70S RNA as well as the specificity of hybridization, competition experiments were carried out. Fig. 4 . It can be seen that small amounts of unlabeled 70S RNA compete effectively with the 32P-labeled 70S RNA in the hybridization experiments, whereas a 1000-fold more 78 A-1 cellular RNA was necessary to obtain equivalent competition. The CLL-RNA had no effect on the hybridization, at least at the amount of input RNA attained in the hybridization mixture.
DISCUSSION
The results reported by Varmus et al. (21) 
